ABSTRACT: DNA detection is commonly used in molecular biology, pathogen analysis, genetic disorder diagnosis and forensic tests. While traditional methods for DNA detection such as polymerase chain reaction (PCR) and DNA microarrays have been well developed, they require sophisticated equipment and operations and thus it is still challenging to develop a portable and quantitative DNA detection method for the public use at home or in the field. Although many other techniques and devices have been reported to make the DNA detection simple and portable, very few of them are currently accessible to the public for quantitative DNA detection because of either the requirement of laboratory- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 2 Instead of amplifying DNA strands through PCR, which is vulnerable to contaminations commonly encountered for home and field usage, we demonstrate here signal amplifications based on enzymatic turnovers, making it possible to detect 40 pM DNA using PGM that can detect glucose only at mM level. The method also shows excellent selectivity toward single nucleotide mismatches.
Instead of amplifying DNA strands through PCR, which is vulnerable to contaminations commonly encountered for home and field usage, we demonstrate here signal amplifications based on enzymatic turnovers, making it possible to detect 40 pM DNA using PGM that can detect glucose only at mM level. The method also shows excellent selectivity toward single nucleotide mismatches.
Introduction
Developing portable and quantitative methods for the public to monitor various analytes related to health and environment is one of the greatest challenges in analytical chemistry. 1 Although many well developed methods and techniques are being used routinely in medical centres and research labs for the detection of these analytes, few of them are available for the public to use at home or in the field, so that much time and cost is required for the public to take the samples to the professional institutes and wait for the result delivery. In contrast, portable and low-cost methods that is directly usable by the public can facilitate early detections to reduce the hazard of diseases or pollutions, and also are affordable to the people in low income countries and regions. 1 DNA detection has attracted increasing attentions owing to its important roles in pathogen analysis, genetic disorder diagnosis and forensic tests. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Traditional methods for the detection of DNA include those based on polymerase chain reaction (PCR) and DNA microarrays. 14, 15 These methods, although highly sensitive and efficient, are expensive and require sophisticated instrument and operations. The challenge remains in developing a simple, portable and quantitative DNA detection method that can be operated by the public with accessible resources at home or in the field, especially for those under resource limiting conditions or in low income countries. 1 Many techniques and devices have been successfully developed by different research groups 13, [16] [17] [18] [19] [20] to achieve simpler and portable DNA detections over the traditional methods, such as nanomaterial-based amplification, 7, 8, [21] [22] [23] [24] [25] [26] colorimetry, 4,10,13,27,28 fluorescence, 3, 12, 20, [29] [30] [31] [32] [33] [34] [35] [36] electrochemistry, 9,16,25,37-43 surface enhanced Raman scattering (SERS), [44] [45] [46] [47] and others including surface plasmon, light scattering and force. [48] [49] [50] However, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 3 these methods are based on laboratory-based instrument or customized devices that are not currently easily accessible to the public. Some of the colorimetric or fluorescent methods can monitor DNA by naked eye without instrument, but they can only achieve qualitative or semi-quantitative detections and the color observation may vary between different people or be affected by the light contrast of the surroundings. To achieve portable and quantitative detection, these colorimetric or fluorescent assays still require expensive or customized portable spectrometers that are not readily available to the public.
To meet this challenge, we report here the use of a ubiquitous public device, personal glucose meter (PGM), for portable and quantitative DNA detection. The advantages of using PGMs for analytical applications are portability, low cost, simple operation, reliable quantitative results, and most importantly, the wide accessibility to the public. 51, 52 PGMs are available in stores worldwide with low price (as low as $10 for a meter and $0.5 per test), and have been integrated into cell phones for an even larger number of users. 53 However, the current state-of-art PGMs can only be used by diabetes patients to monitor blood glucose. Previously, we reported the successful quantification of a broad range of targets including organic molecules, proteins and metal ions using PGMs linked with functional DNA sensors. 54 In this work, by introducing DNA-invertase conjugates [54] [55] [56] [57] to a DNA sandwich assay, we successfully develop a methodology to quantify DNA using PGMs, thus adding DNA as another analyte in the family of targets that PGMs can detect. The method is based on transforming the concentration of target DNAs in samples into that of PGM-detectable glucose produced from invertase-catalyzed hydrolysis of PGM-inert sucrose. The enzymatic turnovers allow signal amplifications without the need for accurate control of temperature cycles and advanced instrument associated with PCR amplification, and without the risk of possible contamination associated with PCR amplification, such as inhibitors of DNA polymerase and reagents lowering the specificity of polyermase. In addition, since the method doesn't produce large quantities of DNA copies, there is no DNA to carry over for potential non-specific amplification as in PCR, making it able to quantify target DNA under a variety of non-laboratory conditions using PGMs (Figure 1a ). The greatest challenge to realize DNA detection using a personal glucose meter (PGM) is how to establish the link between the target DNA at pM to nM level in the sample and the glucose at mM level needed for a signal readout in PGMs, as the dynamic range of PGMs is typically 0.6~33 mM (10~600 mg/dL) glucose. 51, 52 Traditionally PCR has been used for amplifying DNA strands to achieve sensitive detection. However, PCR needs well-controlled temperature cycles and laboratory-based device, and has been shown to be subjective to contaminations such as inhibitors of DNA polymerase and reagents lowering the specificity of polyermase, thus can be carried out only in clean and mostly laboratory conditions, making it difficult for home or field use. To achieve the goal of signal amplifications 5 without the complications associated with PCR, we here introduce DNA-invertase conjugates that take advantage of the enzymatic turnovers for signal amplifications without the need to amplify the DNA strands ( Figure 1a ). First, a biotinylated capture DNA (Capt-DNA) whose sequence is partially complementary to the 5'-half of the target DNA is immobilized onto streptavidin-coated magnetic beads (MBs) via biotin-streptavidin interaction. 58 The Capt-DNA coated MBs can capture the target DNA in solution and concentrate the target DNA through DNA hybridization and magnetic separation, respectively. This step is then followed by subsequent addition of a DNA-invertase conjugate, whose DNA sequence is complementary to the 3' half of the target DNA. Therefore, only in the presence of target DNA can the sandwich assay be successful in making the DNA-invertase bound on the MBs, and the concentration of the target DNA is proportional to the amount of DNA-invertase bound to the MBs.
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Experimental Section Materials

Procedures for DNA detection using PGM
(1) Sensor preparation: A portion of 2 mL 1 mg/mL streptavidin-coated magnetic beads (MBs) were buffer exchanged to Buffer A twice, and then dispersed in 2 mL Buffer A. Capt-DNA was added to the solution to achieve a final concentration of 5 µM and the mixture was mixed on a roller for 30 min at room temperature. After that, the MBs were separated from the mixture by a magnet. The MBs were further washed by Buffer A for 3 times and then separated as each portion of 50 µL 1 mg/mL MBs in Buffer A.
(2) DNA detection: To each portion of the above MBs residues after removal of Buffer A, 100 µL DNA sample of various concentration of target DNA in Buffer A was added and the mixture was mixed on a roller for 2 h at room temperature. After washing the MBs residue by 3 times using Buffer A containing 2 mg/mL BSA to remove unbound target DNA and block non-specific binding sites by BSA, 100 µL 5 mg/mL DNA-invertase conjugate in Buffer A was added and the mixture was mixed on a roller for 30 min at room temperature. After washing the MBs residue by 5 times using Buffer A, 100 
A portion of 5 µL of the final solution was tested by a PGM. The time for the enzymatic reaction could be reduced by increasing the pre-concentrating effect of MBs (for example, after washing, disperse the MBs residue in 10 µL instead of 100 µL, so that the time required for producing the same amount of glucose is only 1/10, which is 1.6 h) and using invertase of higher enzyme activity.
Procedures for HBV DNA fragment detection using PGM
(1) Sensor preparation: A portion of 2 mL 1 mg/mL streptavidin-coated MBs were buffer exchanged to Buffer B twice, and then dispersed in 2 mL Buffer B. Capt-DNA-HBV was added to the solution to achieve a final concentration of 5 µM and the mixture was mixed on a roller for 30 min at room temperature. After that, the MBs were separated from the mixture by a magnet. The MBs were further washed by Buffer B for 3 times and then separated as each portion of 50 µL 1 mg/mL MBs in Buffer B. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Results and Discussion To demonstrate the methodology shown in Figure 1a , we first investigate the detection of a 12-mer model DNA (see DNA sequences in Figure 1b) . As shown in Figure 2a , the absence of the model DNA produced negligible readout in a PGM because of the lack of the target-DNA facilitated DNA sandwich hybridization. In the presence of 10 nM target DNA, however, more than 40-fold enhancement of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 glucose reading in the PGM was observed in comparison with that in the absence of the target DNA, In our method, the glucose was produced via the enzymatic hydrolysis of sucrose by the invertase conjugates. Because excess sucrose (0.5 M) was added to the MBs containing the DNA-invertase conjugates to achieve maximum reaction rate, the kinetics of glucose production should be dependent 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 on the concentration of invertase conjugates bound to the MBs, and thus the concentration of target DNA in the sample. By measuring the glucose signal at different time of the enzymatic reaction, the kinetics of glucose production was studied and shown in Figure 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 sodium phospate buffer, pH 7.3, 0.25 M NaCl, 0.05% Tween-20.
To further demonstrate its versatility in detecting a wide range of target DNA sequences and its potentials for practical applications in disease diagnostics, we further apply the method to detect and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 13 sample could only produce modest glucose signal enhancement as detected by the glucose meter, in comparison with the fully-matched DNA under the same condition (Figure 4b ).
Conclusion
In summary, we have successfully developed a methodology for portable, low-cost and quantitative DNA detection using easily accessible personal glucose meters (PGMs). By a DNA sandwich assay in the presence of Capt-DNA-coated magnetic beads (MBs) and DNA-invertase conjugates, the concentration of target DNA in the sample was rendered to be proportional to the amount of DNAinvertase conjugates immobilized on the MBs via DNA hybridization. Subsequently, the immobilized DNA-invertase conjugates could catalyze the hydrolysis of PGM-inert sucrose to yield PGM-detectable glucose. The catalytic reaction is very efficient in signal amplification, thus pM~nM level of target DNA could produce mM level of glucose required for the readout in a PGM. The method was also applied to the detection of a hepatitis B virus (HBV) DNA fragment. A detection limit as low as 40 pM (4 fmol for a 0.1 mL sample) was achieved. In addition, the method exhibited excellent sequenceselectivity, being able to differentiate a single mismatch in the target DNA. The employment of the MBs allows not only sample capture and concentration, but also washing procedures to remove sample matrix that may interfere in the detection, making it possible to apply the method to complicated biological samples such as body fluids. By integrating with lateral flow or microfluid devices, the method can also be simplified furhter to avoid the washing and transfering steps for the public users.
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Quantitative DNA Detection is achieved using personal glucose meters that are widely available to the public. The concentration of target DNA is successfully transformed into that of glucose by a sandwich hybridization assay using DNA-invertase conjugates, which realizes >10 6 -fold signal amplification. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
